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We used a well established transient expression assay to test the ability of the baculovirus Spodoptera exigua M nucleopolyhedrovirus
(SeMNPV) homologs of Autographa californica MNPV (AcMNPV) late expression factors (lefs) to activate a late promoter–reporter gene
cassette in SF-21 cells. This insect-derived cell line is fully permissive for AcMNPV infection but not for SeMNPV. In the assay, 19 AcMNPV lefs
stimulate optimal levels of late gene promoter activity. SeMNPV lef-5 successfully replaced the corresponding AcMNPV gene in the context of
the remaining set of AcMNPV lefs, whereas SeMNPV dnapol and 39k exhibited partial activity. When all the SeMNPV lefs were assayed
together or in the presence of four lefs encoded only in AcMNPV, it resulted in background levels of late promoter-driven reporter gene activity.
However, SeMNPV genomic DNA and the four AcMNPV-specific lefs stimulated low levels of reporter gene activity. Moreover, SeMNPV IE-1,
but not AcMNPV IE-1, further stimulated late gene expression in the presence of SeMNPV DNA. AcMNPV IE-1 was able to mediate early gene
expression cis-linked to homologous regions (hrs) derived from AcMNPV and SeMNPV. In contrast, SeMNPV IE-1 was more specific for
SeMNPV-derived hr elements.
© 2006 Elsevier Inc. All rights reserved.Introduction
Baculoviridae is a family of DNAviruses that are pathogenic
to arthropods, including insects of the orders Lepidoptera,
Hymenoptera and Diptera. Baculoviruses have two virus
morphologies during their replication cycle: the occluded
virus (OV) that disseminates infection between hosts in nature
and the budded virus (BV) that spreads among cells within an
infected host. According to the type of occlusion body they
produce, baculoviruses are currently classified into two genera,
granulovirus (GVs) and nucleopolyhedroviruses (NPVs).
Furthermore, based on phylogenetic studies and the type of
envelope fusion protein on the BV membrane, NPVs are
classified into group I NPVs or group II NPVs. Further
phylogenetic analysis using viruses with completely sequenced
genomes confirmed the division between these groups (Herniou⁎ Corresponding author. Fax: +1 785 532 6653.
E-mail address: lpassar@ksu.edu (A.L. Passarelli).
0042-6822/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2006.07.006et al., 2003). The availability of an increasing number of
baculovirus genome sequences supports the existence of two
putative new genera: one corresponding to two representative
baculoviruses that infect sawflies (Garcia-Maruniak et al., 2004;
Lauzon et al., 2004), and the other represented by an isolate
from a mosquito species (Afonso et al., 2001).
During infection of permissive cells, baculoviruses express
their genes in a temporally regulated cascade at early, late and
very late times post-infection. Expression of late (and very late)
genes depends on viral DNA replication (Rice and Miller,
1986). Collectively, genes necessary for viral genome replica-
tion and late gene expression are called late expression factors
(lefs). Autographa californica M nucleopolyhedrovirus
(AcMNPV), a group I NPV, is the most widely studied
baculovirus. Nineteen AcMNPV lefs are necessary to support
optimal expression from viral late promoters in transient
expression assays in the Spodoptera frugiperda-derived SF-21
cell line (Li et al., 1999; Rapp et al., 1998; Todd et al., 1996;
Todd et al., 1995), although others may augment expression (Li
et al., 1999; Passarelli and Miller, 1993). In these assays, a
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control of the late promoter of the major capsid gene (vp39, orf
89) and containing a homologous region (hr) sequence that
serves as an origin of viral DNA replication (Kool et al., 1995;
Pearson et al., 1992) is cotransfected into cells along with all the
lefs necessary for optimal reporter late gene expression
(Passarelli and Miller, 1993).
Several studies have addressed the function of lefs by
molecular and biochemical characterization of the protein
products or by evaluating the phenotype of gene knockout
viruses. Six lefs (lef-1, lef-2, lef-3, ie-1, dnapol and p143) are
essential for viral DNA replication (Kool et al., 1994; Lu and
Miller, 1995b). Three other lefs, ie-2, lef-7 and p35, stimulate
hr-dependent transient plasmid DNA replication in a cell line-
specific manner (Lu and Miller, 1995a). The effect of p35
probably reflects its function in blocking apoptosis (Todd et al.,
1995). The other lefs appear to be involved in transcription-
specific activities (Lu and Miller, 1995b). The genes lef-4, lef-8,
lef-9 and p47 encode subunits of the viral DNA-directed RNA
polymerase complex (Guarino et al., 1998). The function of the
remaining lefs (lef-5, lef-6, lef-10, lef-11, lef-12 and 39k) is not
well characterized.
Characterization of some lefs has also been performed in
other group I NPVs. Replication lefs of Orgyia pseudotsugata
MNPV (OpMNPV) were identified using a transient replication
assay (Ahrens et al., 1995; Ahrens and Rohrmann, 1995a,b).
Studies with Bombyx mori NPV (BmNPV), a virus phylogene-
tically closely related to AcMNPV, included characterization of
viruses containing a deletion within lefs (Gomi et al., 1997)
and functional characterization in transient expression assays
(Berretta et al., 2006). In contrast, studies characterizing lefs
from group II NPVs are scarce (Heldens et al., 1997b).
Spodoptera exigua M nucleopolyhedrovirus (SeMNPV) is a
group II NPV specific for its host, the beet armyworm S. exigua
(Gelernter and Federici, 1986; Vlak et al., 1981). An initial
phase of SeMNPV infection was observed in other Spodoptera
species, but infection did not progress in tissues within the
hemocoel (Simon et al., 2004). In cell culture, SeMNPV can
only establish a productive infection in S. exigua-derived cell
lines (e.g., Yanase et al., 1998a). However, replication can
progress to different extents in other cell lines, including SF-21
cells (Heldens et al., 1997a; Yanase et al., 1998a,b). Coinfection
of SF-21 cells with SeMNPV and AcMNPV resulted in an
enhancement of SeMNPV replication where 10% of the infected
cells produced SeMNPV polyhedra (Yanase et al., 1998b).
In this study, we assessed the functionality of SeMNPV lefs
in a transient late expression assay in SF-21 cells. To this end,
we substituted the corresponding AcMNPV lefs required to
support expression from the late AcMNPV vp39 promoter
either individually or in groups. We tested the effects on early
and late gene expression in the presence of hr elements derived
from both viruses. We found that only one SeMNPV lef, lef-5,
fully substituted for its AcMNPV homolog in the transient
expression assay, stressing the overall existing phylogenetic
differences between the two viruses. Two additional SeMNPV
genes, dnapol and 39k, partially substituted for the correspond-
ing AcMNPV genes. Since the presence of viral-specific hrsequences differentially affects plasmid DNA replication (Broer
et al., 1998), we tested their effects on late and IE-1-mediated
gene expression.
Results and discussion
A core set of 29 genes is conserved in all baculoviruses
sequenced so far; 9 of these are lefs (lef-1, lef-2, p143, dnapol,
lef-4, lef-5, lef-8, lef-9 and p47; Willis et al., 2005).
Additionally, six other lefs (ie-1, lef-3, lef-6, lef-10, lef-11 and
39k) are conserved in all NPVs. Group II NPVs lack ie-2, and
three additional lefs, lef-7, p35 and lef-12, have a patchy
distribution among members of this group. In general, the extent
of sequence similarity among homologous lefs correlates with
the conservation of each lef across the different phylogenetic
groups of baculoviruses (Fig. 1); lefs with higher sequence
similarity are encoded in several or all baculovirus phylogenetic
groups.
In this study, we addressed whether AcMNPV lefs can be
functionally substituted for their SeMNPV homologs in
transient expression assays in SF-21 cells. This cell line is
fully permissive for AcMNPV infection but does not support
continuous productive infection of SeMNPV (Heldens et al.,
1997a; Yanase et al., 1998a). However, SF-21 cells coinfected
with both viruses resulted in SeMNPVestablishing a productive
infection with low but detectable virus yields, while replication
of AcMNPV was negatively affected (Yanase et al., 1998b).
Recently, we showed that most AcMNPV lefs can be
successfully replaced in transient expression assays by the
corresponding lefs of another group I NPV, BmNPV (Berretta et
al., 2006). However, sequence identity between homologous
lefs in these two viruses ranges from 73% to 98%. In contrast,
the sequence of the 15 lefs present in both AcMNPV and
SeMNPV is less conserved, having identity levels ranging from
28% for LEF-6 to 64% for LEF-8 (Table 1).
We constructed an SeMNPV lef library by cloning the
SeMNPV lefs under the Drosophila heat shock protein (hsp) 70
promoter and tagged each with the influenza virus hemagglu-
tinin (HA) epitope and polyhistidine (His) tags. Since an assay
identifying SeMNPV lefs has not been developed, we do not
know whether addition of tags altered activity of each SeMNPV
LEF. However, additional sequences at their N-termini did not
appear to affect the function of AcMNPV or BmNPV lefs in
either late gene expression or DNA replication (Berretta et al.,
2006; Rapp et al., 1998). Although SeMNPV lefs are less
conserved compared to AcMNPV or BmNPV lefs, given the
functionality of AcMNPV and BmNPV tagged lefs, this
possibility is not as likely, but we cannot rule it out.
We determined the protein expression level from each
SeMNPV lef (hereafter referred to as Se lef when referring to a
specific lef) in SF-21 cells and compared it to the expression
from the corresponding AcMNPV lef (each referred to as Ac
lef) of a previously constructed library (HSEpiHis lef library;
Rapp et al., 1998). Lysates from cells transfected with one lef-
expressing plasmid were analyzed by immunoblotting using
anti-HA antibody (Fig. 2). As previously reported, expression
levels of LEFs varied (Berretta et al., 2006; Rapp et al., 1998).
Fig. 1. Presence of and similarities among LEFs within phylogenetic groups I and II NPVs. Vertical bars on the left indicate the presence of each lef in all members of
the group indicated below each bar. Triangles indicate lefs absent in one or more members of the group. Plotted segments represent the range of similarity values
between group I and group II NPV LEFs. Similarity values were computed for all pairwise comparisons between members of each group. Only baculoviruses that have
been sequenced completely were considered for the analysis. Similarity segments for lefs that are not present in all group II NPVs are shown as gray segments. Dots
within each segment indicate median similarity values. L, baculoviruses of Lepidoptera; GV, granuloviruses; N, nucleopolyhedroviruses (NPVs); I, group I NPVs; II,
group II NPVs; H, baculoviruses of Hymenoptera; C, Culex nigripalpus nucleopolyhedrovirus.
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most of the homologous lefs or higher for the SeMNPV lefs.
LEF-3 appeared to have the highest levels of expression (Fig. 2,
lanes 5 and 6). LEF-8 and LEF-10 from both viruses (Fig. 2,
lanes 23 and 24, and lanes 15 and 16, respectively) were
expressed at very low levels; more lysate and a proteasome
inhibitor were used to clearly detect them (Fig. 2, lanes 31 and
32, and lanes 33 and 34, respectively). We do not know whetherTable 1
Comparison of AcMNPV and SeMNPV lefs
ORF
name
ORF number Amino acid residues Predicted siz
AcMNPV SeMNPV AcMNPV SeMNPV AcMNPV
lef-1 14 14 266 216 30.7
lef-2 6 12 210 209 23.9
lef-3 67 91 385 422 44.6
lef-4 90 74 464 466 53.9
lef-5 99 66 265 279 31.0
lef-6 28 127 173 163 20.4
lef-7 125 – 226 – 26.6
lef-8 50 112 876 906 101.8
lef-9 62 97 490 b 495 56.2 b
lef-10 53A 106 78 77 8.7
lef-11 37 119 112 103 13.1
lef-12 41 – 181 – 21.0
ie-1 147 132 582 714 66.9
ie-2 151 – 408 – 47.0
dnapol 65 93 984 1063 114.3
p143 95 70 1221 1222 143.2
39K 36 120 275 317 31.2
p47 40 115 401 400 47.5
p35 135 – 299 – 34.8
a ssDNA, single-stranded DNA.
b Values correspond to the protein product translated from the second ATG of thedifferential expression of lefs in these experiments significantly
affects late promoter stimulation.
Effect of substituting each AcMNPV lef with the corresponding
SeMNPV lef in the context of the AcMNPV lef library
The AcMNPV lef library has been shown to support late




25.4 44 DNA primase
24.4 44 Primase accessory protein
48.7 30 ssDNAa binding protein
54.4 51 Capping enzyme, RNA polymerase complex
32.8 55 Transcription factor
19.1 28 Transcription factor
– – Possible ssDNA binding protein
105.2 64 RNA polymerase complex
56.6 63 RNA polymerase complex
8.3 49 Transcription factor
12.2 36 Transcription factor
– – Transcription factor
82.1 29 Transactivator, hr-binding protein
– – Transactivator, cell cycle control
123.1 47 DNA polymerase
143.3 44 DNA helicase
35.8 34 Transcription factor
46.9 56 RNA polymerase complex
– – Apoptosis inhibitor
ORF.
Fig. 2. Immunoblot of AcMNPV (Ac) and SeMNPV (Se) LEFs. SF-21 cells (0.5×106) plated on 35-mm cell culture dishes were transfected with 4 μg of plasmids
expressing each lef, incubated for 20 h at 27 °C, then 30 min at 42 °C and finally 2 h at 27 °C before harvesting. Equal amounts of total cell lysates were resolved by
SDS-PAGE followed by immunoblot analysis using anti-HA.11 monoclonal antibody. Arrowheads indicate the position of each LEF specified at the top. Position of
molecular weight standards (in kilodaltons) is shown to the left of the blots. Expression of LEF-8 (lanes 31 and 32) and LEF-10 (lanes 33 and 34) was analyzed in cells
treated with a proteasome inhibitor and by loading the gel with the equivalent of four times the amount of cell lysate loaded in the other lanes.
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lef to substitute for its AcMNPV lef homolog in transient late
gene expression assays, we systematically replaced each
AcMNPV lef with the corresponding SeMNPV lef, in the
context of the remaining AcMNPV lef library (Fig. 3).
We found that only Se lef-5 substituted for the
corresponding AcMNPV lef (Fig. 3, column + lef-5), yielding
100% reporter gene expression. LEF-5 contains a C-terminal
domain similar to the zinc ribbon domain of the RNA
polymerase II elongation factor IIS (TFIIS) (Harwood et al.,
1998), although in vitro studies suggest that LEF-5 functions
as a transcriptional initiation factor (Guarino et al., 2002a).
LEF-5 interacts with itself, and this interaction depends on
broad structural requirements within the N-terminal three
quarters of the protein (Harwood et al., 1998). Hence, due
to its putative oligomeric nature, this protein may provide
itself with an interacting partner in the assay. The remaining
one quarter of the molecule that is not involved in self-
interactions consists essentially of the predicted ribbon
domain. Comparisons between LEF-5 from different bacu-
loviruses show that the LEF-5 ribbon domain is more
conserved than the rest of the molecule, suggesting that
species specificity may lie in the LEF-5 self-interactive
domain. Taken together, these properties may account forthe ability of Se lef-5 to substitute efficiently for Ac lef-5.
Intriguingly, BmNPV lef-5 whose sequence is 97% identical
to that of Ac lef-5 was relatively inefficient in substituting
for Ac lef-5 in transient expression assays (approximately
50%; Berretta et al., 2006). Further experimentation is
necessary to determine whether the functionality of LEF-5 in
different cell culture systems is due to its ability to form
homodimers, interact with viral or host factors or a
combination of these possibilities.
Se dnapol supported 34% the activity of the corresponding
AcMNPV lef (Fig. 3, column +dnapol). Among replication lefs,
dnapol has the highest sequence identity between AcMNPVand
SeMNPV (Table 1) and, in general, it has the highest similarity
among replication-specific lefs between groups I and II NPVs
(Fig. 1). The ability of some dnapols from group I NPVs to
complement AcMNPV dnapol in S. frugiperda-derived cells
has been tested in transient gene expression and DNA
replication assays, yielding a range of activities. Using transient
expression assays, we found that BmNPV dnapol (96% protein
identity to AcMNPV DNAPOL) was able to substitute for Ac
dnapol with 68% efficiency (Berretta et al., 2006). OpMNPV
dnapol (63% protein identity to AcMNPV DNAPOL) was
able to substitute for AcMNPV dnapol with 92% efficiency in
transient replication assays (Ahrens and Rohrmann, 1996).
Fig. 3. Function of SeMNPV lefs in late gene expression in SF-21 cells. SF-21 cells were cotransfected with the reporter plasmid pCAPCATΔHNΔSE and the
AcMNPV lef library containing 0.5 μg of each lef (first column) or the AcMNPV lef library with the indicated lef omitted (−) and replaced by the corresponding
SeMNPV lef (+). Cells were harvested 48 h post-transfection, and lysates were assayed for CAT activity. CAT activity from cells transfected with the entire AcMNPV
lef library was set to 1.0.
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al., 2005); the ability of dnapol from different viruses to
complement partially for the AcMNPV homolog in transient
assays and its conservation in baculoviruses suggest less
species-specific constraints for its mechanism of action that
may include its ability to interact with factors in different virus–
host combinations.
Omission of Ac 39k resulted in levels of reporter gene
activity above background, but addition of Se 39k stimulated
reporter gene activity to 46% (Fig. 3, columns −39k and +39k).
The specific function of 39K is not known; it has DNA binding
activity (Guarino et al., 2002b) and is associated with the
virogenic stroma of infected cells (Guarino et al., 1992).
However, 39k is not present in baculoviruses that infect insects
outside the order Lepidoptera, and its sequence is not highly
conserved among homologs (Fig. 1), suggesting that its
function is less sensitive to sequence variation than that of
other lefs.
The remaining SeMNPV lefs were not able to substitute for
their AcMNPV homologs above background levels. SeMNPV
ie-1 and p143 were unable to complement the corresponding
AcMNPV lefs in transient DNA replication assays (Heldens et
al., 1997b). Our results using late gene expression are in
agreement with these findings. Experiments using lef-6 have
been omitted since they were inconclusive.
Effects of combining AcMNPV or SeMNPV transcription- and
replication-specific lefs
AcMNPV lefs were replaced individually in the assays
presented above; therefore, it was possible that the SeMNPV lefs
unable to substitute for the corresponding AcMNPV lef required
specific interactions with SeMNPV regulatory sequences, otherSeMNPV LEFs, other SeMNPV proteins or S. exigua cell
factors. In support of the first three possibilities, it was reported
that SeMNPV-infected SF-21 cells were able to replicate
plasmids transiently with efficiencies similar to those of
AcMNPV-infected SF-21 cells, although plasmid replication
was dependent on the presence of an SeMNPV origin of DNA
replication (Broer et al., 1998).
To explore some of these possibilities, we conducted
experiments in which groups of SeMNPV lefs were co-
expressed and tested for their ability to support late gene
expression in the presence of AcMNPV or SeMNPV origins of
DNA replication in the reporter plasmid. Specifically, we asked
whether groups of functionally related SeMNPV lefs were able
to stimulate late reporter gene activity. Towards this end, we
grouped lefs as transcription- or replication-specific lefs,
although some factors may be directly or indirectly involved
in both processes. The transcription-specific lefs included lef-4
to -6, lef-8 to -11, 39k and p47, while the replication-specific
lefs included lef-1 to -3, ie-1, p143 and dnapol. In these groups,
we omitted four AcMNPV lefs that are not encoded by
SeMNPV, lef-7, ie-2, p35 and lef-12, to allow us to test them
as a separate group.
When the four AcMNPV-specific lefs, lef-7, ie-2, p35 and
lef-12, were included with SeMNPV transcription lefs and
AcMNPV replication lefs and in the presence of the reporter
plasmid with an AcMNPV-derived origin of DNA replication
(Ac hr5), it resulted in 20% reporter gene activity (Fig. 4A,
column 2). Although moderate, this activity was consistently
10-fold higher than background levels or levels obtained by
replacing AcMNPV transcription lefs individually with the
corresponding non-complementing SeMNPV lef in the context
of the AcMNPV lef library (Fig. 3). This result may suggest that
specific interactions between SeMNPV transcription lefs may
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specific lefs stimulate reporter gene expression in this context
(Figs. 4A and B, compare column 2 and 6). In contrast, when
SeMNPV replication lef products and AcMNPV transcription
lef products were assayed together in the presence or absence
of p35, ie-2, lef-7 and lef-12, background levels of activity
were obtained (Figs. 4A and B, columns 3 and 7). Similarly,
only background levels of activity were obtained in the presence
of all SeMNPV lefs supplemented with the four AcMNPV-
specific lefs (Fig. 4A, column 4), indicating that SeMNPV
replication lefs were not functional in this context and that
interaction between specific functional groups or between
factors in each group was not sufficient.
In the absence of the four AcMNPV-specific lefs, lef-7, ie-2,
p35 and lef-12, the remaining AcMNPV lef library only yielded
background levels of expression as expected since these factors
are necessary for late gene expression in SF-21 cells (Fig. 4B,
column 5). Furthermore, any combination of AcMNPV and
SeMNPV transcription and replication lef groups lacking the
AcMNPV-specific lefs resulted in background levels of gene
expression (Fig. 4B, columns 6 to 8). As noted before, assays
that included AcMNPV replication lefs and SeMNPV transcrip-Fig. 4. Late promoter stimulation using combinations of transcription- and
replication-specific SeMNPV or AcMNPV lefs. SF-21 cells were cotransfected
with lef libraries containing different combinations of AcMNPV and SeMNPV
lefs as indicated (+) and reporter plasmid pCAPCATΔHNΔSE (containing Ac
hr5) (A, B) or pCAPCATΔHNΔSE-Sehr1 (containing Se hr1) (C, D).
Replication (Rep) lefs include lef-1 to -3, ie-1, dnapol and p143. Transcription
(Tran) lefs include lef-4 to -6, lef-8 to -11, 39k and p47. Cells were harvested 48
h post-transfection, and lysates were analyzed for CAT activity. CAT activity
from cells cotransfected with the entire AcMNPV lef library and reporter
plasmid pCAPCATΔHNΔSE (A, column 1) was set to 1.0.tion lefs still resulted in background levels of late reporter gene
expression in contrast to 20% activity in the presence of the four
AcMNPV-specific lefs (Figs. 4A and B, compare column 2 and
6), suggesting that lef-7, ie-2, p35 and lef-12 stimulated gene
expression above background levels in some contexts.
To assess whether the Ac hr5 element present in the reporter
plasmid contributed to the inability of SeMNPV replication lefs
to function, we performed experiments using a reporter plasmid
with a portion of an SeMNPV-derived origin of DNA
replication Se hr1. Despite the presence of Se hr1, combinations
of lefs that included SeMNPV replication lefs did not augment
late gene expression above background levels (Figs. 4C and D,
columns 3, 4, 7 and 8). Since Se hr1 has been shown to be
functional as an origin of transient plasmid DNA replication in
SeMNPV-infected SF-21 cells (Broer et al., 1998), we
hypothesized that additional gene(s) expressed from the
SeMNPV genome, but not included in the SeMNPV lef library
were necessary to support transient plasmid replication and that
the function of these putative genes could not be complemented
in our assay by the AcMNPV-specific replication lefs, lef-7, ie-
2 and p35. Moreover, the entire AcMNPV lef library did not
support late gene expression with the reporter plasmid contain-
ing Se hr1 (Fig. 4C, column 1), confirming the specificity of
AcMNPV replication lefs for Ac hr5 (Figs. 4A and C, compare
column 2).
Involvement of Ac ie-2, lef-7, lef-12, p35 and Se ie-1 in late
gene expression in the presence of SeMNPV bacmid DNA
We considered that SeMNPV could encode factors that may
stimulate late gene expression other than those designated as
lefs given their sequence similarity with AcMNPV lefs. Thus,
although the SeMNPV lef library did not support late gene
expression in SF-21 cells, SeMNPV DNA might provide the
genes encoding all the necessary factors and stimulate late gene
expression, at least to some extent, in this cell line. The
following observations support this argument and the feasibility
to perform these experiments. First, naked SeMNPV DNA
cloned as a bacmid is infectious in Se301 cells, a fully
permissive S. exigua-derived cell line (Pijlman et al., 2002),
indicating that SeMNPV DNA can be infectious when devoid of
virion components at least in this permissive cell line. Second,
SF-21 cells infected with SeMNPV support the replication of
transfected plasmids containing SeMNPV hrs (Broer et al.,
1998). Third, SeMNPV transcription lefs were functional in our
assay, although at low efficiency (Fig. 4A, column 2). In the
latter experiment, Ac lef-12 was present along with the
SeMNPV transcription lefs, and therefore we do not know the
specific contribution of Ac lef-12 in late gene expression using
these assay conditions.
We cotransfected SF-21 cells with SeMNPV bacmid DNA
(Pijlman et al., 2002) and a reporter plasmid containing either
Ac hr5 or Se hr1. Only background levels of reporter activity
were obtained from plasmids containing either hr (Fig. 5,
columns 1 and 7). Addition of the AcMNPV-specific lefs, lef-7,
ie-2, p35 and lef-12, slightly stimulated gene expression from
both reporter plasmids (Fig. 5, columns 4 and 10). To test the
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systematically included all but one gene and found that ie-2,
and to a lesser extent lef-12, had a noticeable but not drastic
effect on this stimulation (results not shown). This group of four
genes did not stimulate gene expression from the same reporter
plasmids in the context of the SeMNPV lef library in
experiments presented above (Fig. 4, compare column 4 and
8 in top and bottom panels). Furthermore, we found that Se ie-1
alone stimulated reporter activity when cotransfected with
SeMNPV bacmid DNA and Ac hr5- or Se hr1-containing
reporter plasmid (Fig. 5, columns 2 and 8). Addition of Se ie-1
and the four AcMNPV-specific lefs had an additive effect (Fig.
5, columns 5 and 11). High concentration of Se ie-1 may be
stimulating expression of SeMNPV genes encoded in the
bacmid DNA, including the genomic SeMNPV ie-1. Currently,
we do not know whether SeMNPV genes other than lefs
included in the SeMNPV lef library affect late gene expression,
whether SeMNPV lefs may be better expressed from genomic
DNA where the appropriate flanking regions necessary for
expression are present (Gross and Rohrmann, 1993) or whether
SeMNPV lefs may be better expressed without the addition of
N-terminal tags.
We predicted that Ac ie-1 could have a similar effect as Se
ie-1 stimulating late gene expression in the presence of
SeMNPV bacmid DNA; however, it had marginal or no effect
with reporter plasmids containing either hr (Fig. 5, columns 3,
6, 9 and 12). The ability of AcMNPV IE-1 to stimulate
SeMNPV gene promoters has not been described.Fig. 5. Late gene expression in the presence of SeMNPVDNA and SeMNPV IE-
1. SF-21 cells were cotransfected with the reporter plasmid pCAPCATΔHNΔSE
(containing Ac hr5) or pCAPCATΔHNΔSE-Sehr1 (containing Se hr1) and
SeMNPV DNA (columns 1 and 7) or SeMNPV DNA and lefs indicated on the
bottom (columns 2 to 6 and 8 to 12). Cells were harvested 72 h post-transfection,
and lysates were analyzed for CATactivity. CATactivity from cells cotransfected
with SeMNPV DNA and Se ie-1 (column 2) was set to 1.0.In these experiments, the stimulation patterns found using Ac
hr5- or Se hr1-containing reporter plasmid were similar. One
possible explanation for this observation is that, when the
reporter plasmid is cotransfected with viral DNA, it can
integrate into and replicate as part of the viral genome and,
therefore, the requirement for an origin of DNA replication in
the plasmid is in part concealed (Crouch and Passarelli, 2005;
Wu et al., 1999). We also performed cotransfections using the
reporter plasmids with either Ac hr5 or Se hr1 and AcMNPV
bacmid DNA; results were similar in both cases, with activities
about 10-fold or more than the highest values obtained with
SeMNPV bacmid cotransfections presented in Fig. 5 (results not
shown). Regions encompassing 18 nucleotides upstream of and
18 nucleotides downstream of each of the two SeMNPV late
capsid gene promoter TAAGs most proximal to the translational
start site have 70 and 82% identity to the corresponding
AcMNPV sequences. High identity may be due to an overlap
with lef-4 sequences. Thus, it is not likely that an SeMNPV
major capsid gene promoter driving the reporter gene would
have drastically altered the results.
Effects of Se IE-1 on an early promoter cis-linked to an
AcMNPV- or SeMNPV-derived hr element
Since Se ie-1, but not Ac ie-1, was able to stimulate late
gene expression in the presence of SeMNPV DNA, we
explored the ability of Ac IE-1 and Se IE-1 to stimulate
early genes. We compared the ability of Se ie-1 and Ac ie-1 to
activate an early promoter cis-linked to different enhancer
elements since hr sequences not only serve as origins of DNA
replication but also enhance expression from early promoters
in the presence of IE-1. We used the well characterized IE-1-
stimulated AcMNPV p35 early promoter to compare the
activation levels of Ac ie-1, Se ie-1 and chimeric forms of
these genes. Two ie-1 chimeras were constructed encoding the
N-terminal region of IE-1 from one virus and the C terminus
from the other viral IE-1. In these constructs, the N-terminal
region encompassed domains of IE-1 that have been shown to
be required for transactivation (Rodems et al., 1997; Slack and
Blissard, 1997) and DNA binding (Olson et al., 2003) (up to
codon 220 of AcMNPV ie-1 or the corresponding position in
SeMNPV ie-1).
Reporter plasmids containing luciferase under the control of
different p35 promoter elements were cotransfected into SF-21
cells with Ac ie-1, Se ie-1 or chimeras of these genes. The basal
promoter consisted of the p35 TATA box and transcription
initiation site only, and the other promoters contained the basal
promoter cis-linked to one of the following elements: the
upstream activating region (UAR) (Olson et al., 2001), an
AcMNPV hr-derived imperfect palindromic sequence (Ac 28-
mer) (Olson et al., 2001), an SeMNPV hr-derived imperfect
palindromic sequence (Se 60-mer) (Broer et al., 1998) or a
fragment of SeMNPV hr1 that included six tandem repeats of
Se 60-mer-like sequences (Se hr1).
When reporter plasmids containing early promoters were
transfected individually, only background levels of reporter
activity were detected (Fig. 6, columns 1 to 4), except for the
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least 100-fold higher than that with the other reporters. It has
been reported that hrs have transcriptional enhancer-associated
functions in the absence of any viral transactivator (Landais et
al., 2006; Leisy et al., 1995; Lu et al., 1997; Nissen and Friesen,
1989; Viswanathan et al., 2003). Among enhancer elements
used in our assays, Se hr1 had the largest number of
palindromic repeats in addition to flanking regulatory elements
that may also be important for enhancement (Landais et al.,
2006). Thus, higher background was expected if this reporter
plasmid was functional in these assays. The functionality of Se
hr1 in SF-21 cells suggests that hrs are responsive to
evolutionary conserved transcription factors. Some putative
binding motifs for the bZIP family of transcription factors have
been found to be clustered in the hrs of AcMNPV. Similar
motifs present in SeMNPV are less conserved in sequence, and
their presence in hrs is less conclusive (Landais et al., 2006).
Cotransfection of the reporter plasmid containing the basal
promoter and Ac ie-1 resulted in transactivation levels 87-fold
higher than that without Ac ie-1 (Fig. 6, compare columns 1
to 6). Cotransfection of Ac ie-1 with reporters having UAR
and Ac 28-mer stimulated 5.2- and 3.1-fold, respectively, over
that obtained by transactivation of the basal promoter only
(Fig. 6, compare column 6 to columns 7 and 8). These results
are in general agreement with previous findings (Olson et al.,
2001, 2003) in which the p35 promoter containing either itsFig. 6. Transactivation of the early p35 promoter cis-linked to AcMNPV or SeMNP
alone into SF-21 cells (−) or cotransfected with 1 μg of Ac ie-1 (Ac), Se ie-1 (Se), a
of Se ie-1 (N-Ac/Se-C) or the reciprocal chimera (N-Se/Ac-C). Reporter plasmids
includes the TATA element and RNA start site, or the basal promoter cis-linked to
from AcMNPV hr5 (Ac 28-mer), a single copy of a palindromic 60-mer from SeMN
elements (Se hr1). Cells were harvested 24 h post-transfection, and lysates were an
reporter containing UAR (full-length p35 promoter) and Ac ie-1 was set to 1.0.native UAR or Ac 28-mer was transactivated by IE-1 similarly.
Ac ie-1 stimulated the p35 basal promoter containing the Se
60-mer 6.6-fold and the Se hr1 16.0-fold than the levels
resulting with Ac ie-1 and the p35 basal promoter (Fig. 6,
compare columns 6 and 9, and columns 6 and 10,
respectively). This suggests that Ac ie-1 may be recognizing
sequences in the SeMNPV hr-derived imperfect palindromes
leading to p35-promoter-enhanced expression.
Se ie-1 stimulated the p35 basal promoter 5.7-fold less than
Ac ie-1 (Fig. 6, compare column 6 and 11) and had very little
effect, if any, on transactivation of the UAR-containing
promoter (Fig. 6, compare column 11 and 12). Se ie-1 did not
enhance activity of the promoter containing Ac 28-mer (Fig. 6,
column 13). When Se 60-mer was present, Se ie-1 was able to
stimulate expression 6.5-fold relative to the p35 basal promoter
(Fig. 6, compare columns 11 and 14). This stimulation is
consistent with the 6.6-fold relative stimulation by Ac ie-1 (Fig.
6, compare columns 6 and 9). In the presence of Se hr1 in the
reporter plasmid, Se ie-1 was able to stimulate expression to
levels similar to those of Ac ie-1 with the same promoter
construct (Fig. 6, compare columns 10 and 15). Thus, Se IE-1
appears to be more dependent on SeMNPV-derived sequences
than Ac IE-1.
These experiments are in contrast with those described
earlier in which Se ie-1, but not Ac ie-1, was able to stimulate
late reporter gene activity in the presence of SeMNPV DNAV-derived hr elements by Se IE-1. Reporter plasmids (2 μg) were transfected
chimeric form of ie-1 containing the N terminus of Ac ie-1 and the C terminus
contained the luciferase gene under control of the p35 basal promoter, which
the upstream activating region (UAR), a single copy of a palindromic 28-mer
PV hr1 (Se 60-mer) or a fragment of SeMNPV hr1 encompassing six 60-mer
alyzed for luciferase activity. Luciferase activity from cells cotransfected with
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promoter cis-linked to Se hr1, an alternative explanation to the
inefficacy of Ac ie-1 to stimulate late gene expression in the
presence of SeMNPV DNA could be that SeMNPV IE-1 or
another SeMNPV factor interfered with the activity of Ac IE-1.
We observed that Se ie-1 had a dominant negative effect on
AcMNPV lef library-supported late gene expression, and this
effect correlated with Se ie-1 dosage (results not shown). This
possibility is in agreement with previous coinfection studies in
which SeMNPV inhibited AcMNPV late gene expression in SF-
21 cells (Yanase et al., 1998b).
We also tested two chimeric forms of ie-1 to investigate
whether there was a correlation between virus-specific
domains of IE-1 and the observed patterns of transactivation
of the different p35 promoters. When the sequence encom-
passing the acidic transactivation domains and the basic DNA
binding domain (N terminus; Olson et al., 2003) of AcMNPV
IE-1 was fused to the remaining SeMNPV IE-1, the results
resembled those obtained in the absence of IE-1 (Fig. 6,
columns 16 to 20). In contrast, when the reciprocal chimera
was tested (the N terminus from SeMNPV IE-1 fused to the
remaining AcMNPV IE-1), some activity remained (Fig. 6,
columns 21 to 24). However, transactivation of the reporter
having Se hr1 was dramatically reduced compared to that
with Se IE-1 or Ac IE-1 (Fig. 6, compare columns 10, 15 and
25). Both IE-1 chimeras were detected by immunoblotting,
however, the levels of expression of the IE-1 chimera
containing the Ac IE-1 N terminus and the Se IE-1 C
terminus was lower than those of Ac IE-1, Se IE-1 or the
other chimera (results not shown). It is possible that low levels
of this IE-1 chimera may account in part for its inability to
complement. Alternatively, changes introduced in the C
terminus may not allow stimulation of the early promoters
tested. We note that these reactions contained twice the
amount of chimeric ie-1 plasmid DNA than that used of Ac
ie-1 in late gene expression assays. Furthermore, we did not
test whether IE-1 chimeras were able to homodimerize, if they
were transported to the nucleus of cells or if they folded
correctly. The predicted polypeptide sequence of ie-1 is less
conserved between AcMNPV and SeMNPV than the sequence
of the other corresponding lefs (except for lef-6; see Table 1).
Within SeMNPV IE-1, the N-terminal portion has more
sequence divergence to other IE-1s than the C-terminal
portion and has been proposed to play a role in SeMNPV
specificity (van Strien et al., 2000). However, the inability of
the chimeric proteins to function suggests that function may
be dependent on the overall structure of the protein.
Materials and methods
Cells and viruses
IPLB-SF-21 cells (SF-21) (Vaughn et al., 1977) were
cultured at 27 °C in TC-100 medium (Invitrogen) supplemented
with 10% fetal bovine serum (Invitrogen) and 0.26% tryptose
broth as described previously (O'Reilly et al., 1994). The
SeMNPV-based bacmid SeBAC10 (Pijlman et al., 2002) waspropagated in DH10B cells. DNA isolation was performed
according to the protocol provided in the Bac-to-Bac® Bac-
ulovirus Expression System Manual (Invitrogen).
Plasmid constructions
Construction of the 19 plasmids that make up the AcMNPV
lef library has been described previously (Rapp et al., 1998).
Briefly, each lef was cloned in the plasmid vector
pHSEpiHisVI+ (Rapp et al., 1998) under the Drosophila hsp
70 promoter control and tagged with the HA epitope and His
tags at the 5′ end of the open reading frame (ORF).
We constructed an SeMNPV lef library by cloning the 15
SeMNPV lefs in pHSEpiHisVI+. The SeMNPV lef ORFs were
amplified by the polymerase chain reaction (PCR) from the 2nd
codon to the stop codon using SeMNPV bacmid DNA as a
template and the specific primers listed in Table 2. The PCR
products were gel-isolated and digested with BglII and NotI,
except for lef-3, which was digested with BamHI and NotI, and
ie-1, which was digested with BglII and SmaI. The PCR
products containing the lefs were cloned into the BglII and NotI
sites of pHSEpiHisVI+, except for ie-1 that was cloned into the
BglII and SmaI sites. This resulted in the SeMNPV lefs fused
in-frame to HA and His tags at the N terminus. The correct
sequence of all the SeMNPV lef ORFs was confirmed by
nucleotide sequencing.
The construction of reporter plasmid pCAPCATΔHNΔSE,
containing a fragment from the AcMNPV hr5, immediately
followed by the AcMNPV late promoter of vp39 driving the
chloramphenicol acetyltransferase (CAT) gene was described
previously (Berretta et al., 2006). In pCAPCATΔHNΔSE-
Sehr1, the AcMNPV hr5 fragment in pCAPCATΔHNΔSE was
replaced by a fragment of SeMNPV hr1 (nucleotides 10,515 to
11,349; IJkel et al., 1999). To generate this plasmid, the
SeMNPV hr1 fragment was amplified by PCR from SeMNPV
bacmid DNA using specific primers carrying an XmaI site at
their 5′ ends. Plasmid pCAPCATΔHNΔSE was digested with
XmaI to remove a 0.28-kbp fragment containing the AcMNPV
hr5 fragment. The remaining 4.76-kbp backbone was gel-
isolated and ligated to the XmaI-digested SeMNPV hr1
amplified product.
Reporter plasmids pFL35K-Luc/PA and pBAS35K-Luc/
28mer-up+/PA have been described (Olson et al., 2001). In
these plasmids, the luciferase gene is controlled by the full-
length and the basal promoter of the AcMNPV p35 gene,
respectively. The full-length promoter consists of sequences
from position −226 to +12 (RNA start site, position +1) of p35.
The basal promoter encompasses sequences from −30 (first T of
TATA box) to +12. In pFL35K-Luc/PA, expression above basal
levels depends on the presence of the UAR (Olson et al., 2001),
while pBAS35K-Luc/28mer-up+/PA is an hr-dependent repor-
ter plasmid containing the AcMNPV imperfect 28-mer palin-
drome (Olson et al., 2001). The reporter plasmid pBAS35K-
Luc/60mer contains an SeMNPV imperfect 60-mer palindrome
(Broer et al., 1998). To construct this plasmid, pBAS35K-Luc/
28mer-up+/PA was digested with MluI and BglII, gel-purified
and ligated to the pair of annealed oligonucleotides: 5′-GAT-
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Oligonucleotides used for amplification of SeMNPV lefs































a Oligonucleotide name has the lef name for which they were used italicized and in bold-type. N and C denote forward and reverse oligonucleotide, respectively.
b Restriction endonuclease recognition sites are underlined.




Similarly, plasmid pBAS35K-Luc/Sehr1 was constructed to
contain the SeMNPV hr1 fragment also present in pCAP-
CATΔHNΔSE-Sehr1 by replacing the Ac 28-mer in pBAS35K-
Luc/28mer-up+/PA with Se hr1. Plasmid pBAS35K-Luc/PA
(basal promoter) lacks any hr-derived sequences.
We constructed two plasmids expressing ie-1 chimeras. The
N-terminal 220 codons of AcMNPV ie-1 were amplified by
PCR by using pHSEpiHisVI+ ie-1 (Rapp et al., 1998) as a
template and forward primer 5′-GAAGATCTACGCAAAT-
TAATTTTAACGCGTCG-3′ and reverse primer 5′-CATG-
TAATAACTAGTTTCGGACATATGGTCGGA-3′, which
contained recognition sites for BglII and SpeI, respectively
(underlined). The PCR product was gel-isolated, digested with
both enzymes and used to replace the BglII to SpeI fragment of
SeMNPV ie-1 cloned in pHSEpiHisVI+ (Se ie-1; described
above). The resulting clone was an HA- and His-tagged
chimeric ie-1 with the N-terminal 220 codons of AcMNPV ie-1
fused to the 386 C-terminal codons of SeMNPV ie-1 (N-Ac/Se-
C ie-1). The reciprocal chimera N-Se/Ac-C ie-1was constructed
similarly. The C-terminal half of AcMNPV ie-1 was amplified
by PCR using the same template with forward primer 5′-GACCATATGTCCGAAACTAGTTATTACATGTTTGTG-
GTT-3′ and reverse primer 5′-TTTTCCCCCCGGGTCGCCA-
ACTCCCATTGTTAT-3′, which contained recognition sites for
SpeI and XmaI, respectively (underlined). The PCR product
was gel-isolated, digested with both enzymes and used to
replace the SpeI to XmaI fragment of Se ie-1. The resulting
tagged chimeric ie-1 contained the N-terminal 328 codons of
SeMNPV ie-1 fused to the 360 C-terminal codons of AcMNPV
ie-1. No additional sequences were inserted at the junctions of
these chimeras.
DNA transfections
SF-21 cells (0.5×106) plated on 35-mm cell culture dishes
were transfected with the indicated amounts of DNA by using
3 μl of a lipid preparation (Crouch and Passarelli, 2002). Cells
were maintained at 27 °C for 4 h in the lipid–DNAmixture, and
then the mixture was replaced with TC-100 media containing
10% fetal bovine serum and incubated at 27 °C for the indicated
times.
Immunoblotting
To compare the expression levels between each of the
lefs from the AcMNPV and SeMNPV lef libraries and
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individual plasmids and incubated for 20 h. Cells were
then incubated at 42 °C for 30 min to induce expression
from the hsp 70 promoter and incubated for an additional
2 h at 27 °C. Cells were washed once with phosphate-
buffered saline (pH 6.2) and lysed with sodium dodecyl
sulfate (SDS)–Laemmli buffer. Equal volumes of lysates
were resolved by SDS-polyacrylamide gel electrophoresis
(PAGE). The resolved proteins were transferred to a PVDF
membrane (Pierce) and immunolabeled with 1:1000 dilu-
tion of anti-HA.11 monoclonal antibody (Covance) and
1:3000 dilution of goat anti-mouse IgG–horseradish
peroxidase (Bio-Rad) and detected with SuperSignal
chemiluminescent substrate (Pierce). To detect better
expression of LEF-8 and LEF-10, cells (4.0×106) were
plated on 60-mm cell culture dishes, transfected with 4 μg
of the respective plasmids and proteasome inhibitor MG
132 (50 μg/ml) was added to the culture media 30 min
before incubating cells at 42 °C.
Transient expression assays
For late expression assays, cells were transfected with either
2 μg of pCAPCATΔHNΔSE or pCAPCATΔHNΔSE-Sehr1
and 0.5 μg of each plasmid from the lef libraries or bacmid
DNA, as indicated. The DNA concentration in each reaction
was maintained constant by addition of herring sperm DNA
(Promega). Cells were incubated at 27 °C for 48 h post-
transfection unless mentioned otherwise. CAT assays were
performed as described previously (Passarelli and Miller,
1993).
For early gene expression assays, cells were transfected
with 2 μg of reporter plasmids carrying the p35 promoter
elements and 1 μg of an ie-1 expressing plasmid. Cells were
incubated at 27 °C for 24 h post-transfection. Luciferase
activity was measured in transfected cells after lysing 5 min
in 200 μl of Glo lysis buffer™ (Promega) at room
temperature. Equal volumes (50 μl) of lysate and Steady-
Glo luciferase mixture™ (Promega) were mixed, and
luminescence was detected with a Wallac Victor3 1420
Multilabel counter (Perkin-Elmer). All transfections were
performed at least three times, and the average of these
experiments is presented.
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